Persistent apical periodontitis related to a nonvital tooth that does not resolve following root canal treatment may be compatible with health and may not require further intervention. This research aimed to develop a Deterioration Risk Score (DRS) to differentiate lesions requiring further intervention from lesions likely to be compatible with health. In this cross-sectional study, patient records (2003)(2004)(2005)(2006)(2007)(2008) were screened for root-filled teeth with periapical radiolucency visible on periapical radiographs taken at treatment and at recruitment at least 4 yr later. The final sample consisted of 228 lesions in 182 patients. Potential demographic and treatment risk factors were screened against 3 categorical outcomes (improved/unchanged/deteriorated), and a multivariate independent multinomial probit regression model was built. A 5-level DRS was constructed by summing values of adjusted regression coefficients in the model, based on predicted probabilities of deterioration. Most lesions (127, 55.7%) had improved over time, while 32 (14.0%) remained unchanged, and 69 (30.3%) had deteriorated. Significant predictors of deterioration were as follows: time since treatment (relative risk [RR]: 1.11, 95% confidence interval [CI]: 1.01-1.22, p = .030, rounded beta value = 1, for every year increase after 4 yr), current pain (RR: 3.79, 95% CI: 1.48-9.70, p = .005, rounded beta value = 13), sinus tract present (RR: 4.13, 95% CI: 1.11-15.29, p = .034, rounded beta value = 14), and lesion size (RR: 7.20, 95% CI: 3.70-14.02, p < .001, rounded beta value = 20). Persistent apical periodontitis with DRS <15 represented very low risk; 15-20, low risk; 21-30, moderate risk; 31-40, high risk; and >40, very high risk. DRS could help the clinician identify persistent apical periodontitis at low risk for deterioration, and it would not require intervention. When validated, this tool could reduce the risk of overtreatment and contribute toward targeted care and better efficiency in the timely management of disease.
p ersistent apical periodontitis (AP) is defined as an apical lesion related to a nonvital tooth that does not resolve following root canal treatment, most commonly due to persistence of virulent pathogens that survive biomechanical debridement (Byström and Sundqvist, 1981; Sjögren and Sundqvist, 1987; Nair, 2006; Siqueira and Rôças, 2009 ). It can remain asymptomatic or progress to symptomatic AP, which affects daily living and prompts patients to seek treatment (Iqbal et al., 2009; Yu et al., 2012a; Grönholm et al., 2013) . Although accepted quality guidelines (European Society of Endodontology, 2006) recommend intervention (retreatment or apical surgery) for AP persisting for 4 yr or more, asymptomatic persistent AP may be compatible with health if the tooth remains functional (Friedman and Mor, 2004) and may even be capable of further healing over prolonged periods beyond 4 yr (Molven et al., 2002; Fristad et al., 2004; Yu et al., 2012b) .
When asymptomatic AP is associated with a technically inadequate root filling, dentists are more inclined toward further intervention (Morgental et al., 2012) ; otherwise, many dentists question the benefit of intervention (Kvist and Reit, 2002) and disagree on the need for, as well as the mode of, further treatment (Reit and Gröndahl, 1984; Rawski et al., 2003) . Although a number of tooth-level clinical parameters, such as periodontal status and quality of root fillings, are commonly considered in decision making (von Arx et al., 2014) , the decision of whether to intervene is largely subjective. Integration of clinical findings and the assessment of prognosis are strongly influenced by personal observation and experience (Reit and Kvist, 1998; Azarpazhooh et al., 2013) .
In view of the challenges involved, a risk score based on routine clinical and radiographic information to predict progression of persistent lesions will aid objective decision making regarding further intervention. Various scoring systems have been developed to identify individuals at risk for a range of diseases. Examples include the Laboratory Risk Indicator for Necrotizing Fasciitis score to differentiate necrotizing fasciitis from other severe soft tissue infections for timely and predictable treatment in the emergency room (Wong et al., 2004) , as well as risk scores to identify women at risk for adverse pregnancy outcome (Burstyn, 2010) , men and women at risk for advanced periodontitis (Gursoy et al., 2011) , and children at risk for childhood caries (Gao et al., 2010) for targeted allocation of resources. However, none have been developed to guide clinicians in the decision to intervene or not for asymptomatic persistent AP. Risk Score Algorithm Comprehensive predictive studies investigating factors associated with healing/nonhealing after root canal treatment have been published (Friedman et al., 2003; Farzaneh et al., 2004; Ørstavik et al., 2004; Marquis et al., 2006; de Chevigny et al., 2008; Ng et al., 2011a Ng et al., , 2011b and are not addressed in this article. The aim of this study was to identify potential predictors for persistent lesions to improve (I), remain unchanged (U), or deteriorate (D) in a cohort of patients with AP that had persisted at least 4 yr and to develop a risk score to differentiate lesions requiring further intervention from lesions likely to be compatible with health, for cost-effective and evidence-based treatment planning.
MAtErIAls & MEthODs selection of cases
This study conformed to STROBE guidelines for crosssectional human observational study. Ethical approval was obtained from the Institutional Review Board (NUS-IRB 10-171), and written informed consent was obtained from all patients taking part in the study. The selection of cases, data collection, and scoring of lesion progression included in the final cohort have been described in detail (Yu et al., 2012a (Yu et al., , 2012b . In brief, patients who received root canal treatment for AP from general dentists, endodontic specialists, undergraduate dental students, and endodontic residents at a university-based dental center from 2003 to 2008 whose AP had not resolved at shortterm recall were screened for AP at least 4 yr later. At the time of screening, treatments performed before 2003 in the same dental center were also included if inclusion and exclusion criteria were fulfilled. Inclusion criteria included primary or secondary (nonsurgical) root canal treatment, with radiographs clearly showing the entire lesion before treatment and presenting with a widened periodontal ligament space with discontinuity of the lamina dura or a larger radiolucency associated with any root of a root-filled tooth at least 4 yr after treatment. Cases without good-quality treatment radiographs and teeth with periodontal bone loss, vertical root fracture, or a history of traumatic luxation injuries or surgical endodontic procedures were excluded. The patients recruited were at least 21 yr old and were healthy or had controlled medical conditions. For recruitment, 2 calibrated endodontists independently evaluated treatment and reviewed radiographs using 2 × magnification against a fluorescent x-ray viewing box in a darkened room. Radiographs were taken with the long-cone technique per the long-cone positioning device (Dentsply Rinn XCP, Elgin, IL). Disagreements were resolved by discussion and consensus. The final sample of 228 lesions in 182 patients included 151 persistent lesions in 114 patients previously studied for risk of painful exacerbation and characteristics of lesion progression (Yu et al., 2012b) .
Data collection
An interviewer-administered structured questionnaire collected patient information on post-treatment experience of pain and flare-up, as well as the self-reported experience of a swelling or sinus tract. Dental records corroborated patient recollections of flare-ups and provided historical and demographic data. Clinical and periapical radiographic examination provided details of clinical signs and symptoms; periapical lesion characteristics including size, border, and location; and type and quality of endodontic treatment and postendodontic restoration.
scoring of lesion progression
By reading past treatment and current review periapical radiographs (all taken with a long-cone positioning device) under similar conditions of a 2× magnification against a fluorescent x-ray viewing box in a darkened room, 2 calibrated endodontists independently scored initial and persistent lesion sizes based on 4 categories-(1) <2 mm, (2) 2-4.9 mm, (3) 5-9.9 mm, and (4) ≥10 mm-in the largest dimension and scored lesion progression as 3 categorical outcomes: I, lesion improved (decreased in size); U, lesion remained unchanged (no change in size); and D, lesion deteriorated (increased in size; Yu et al., 2012b) . The calibration process was previously reported; weighted Cohen kappa score for interexaminer reliability was 0.716, and weighted Cohen kappa scores for intraexaminer reliability were 0.638 and 0.821 (Yu et al., 2012a) . Any disagreements were resolved by discussion and consensus before reporting the final score.
Model building and risk score Algorithm
The independent multinomial probit stepwise regression procedure (Stata 12.1, StataCorp LP, USA) was selected since outcome categories were discrete variables with more than 2 outcome categories that did not have a natural ordering, and outcome categories were identified per radiographic evaluation of lesion progression. Potential demographic and treatment risk factors were screened against the 3 categorical outcomes (I, U, D) according to univariate independent multinomial probit regression. Regression coefficients with standard errors adjusted for clustering were estimated for both D and U, with I as base outcome. The final fitted model was constructed on the basis of multivariate independent multinomial probit regression with backward procedures where variables with p ≤ .1 in the univariate analysis and variables with clinical importance were considered for inclusion, to not miss any potentially important predictors. To choose among competing models, the preferred final fitted model was based on the log likelihood chi-square value. The effect size on clinical endpoints was quantified according to the relative risk (RR) estimate and its associated 95% confidence interval (CI).
To assess risk of deterioration for treatment prescription, a risk score algorithm was constructed by rounding up values of regression coefficients in the final fitted model, based on predicted probabilities that were calculated via a postestimation command. A 5-level Deterioration Risk Score (DRS) was constructed-very low risk, ≤20% predicted probability; low risk, 21%-40%; moderate risk, 41%-60%; high risk, 61%-80%; very high risk, >80%-and a decision tree described.
Model and risk score performance was evaluated per receiver operating characteristic analysis. Sensitivity, specificity, and positive and negative predictive values were calculated accord- Just over half the lesions (n = 127, 55.7%) had improved over time; 32 (14.0%) remained unchanged; and 69 (30.3%) had deteriorated. Almost half the lesions (n = 108, 47.4%) were small but demonstrated a distinct loss of radiographic bony architecture and lamina dura. The remaining 120 lesions ranged from 2 mm to >10 mm, and none of the largest lesions were associated with improved lesions. Sex and race distributions among the 3 outcomes were similar, with almost equal numbers of male and female patients and >85% being of Chinese descent in each outcome. Patients who were 41 to 65 yr old made up the majority (67.5%). Age, race, and sex did not appear to be associated with lesion progression (p > .05).
Patient-reported post-treatment pain (65 cases), sinus tracts (21 cases), and flare-up after treatment (13 cases) were infrequent but significantly more common among D lesions (p = .034, p = .002, and p = .007, respectively). Lesions were mostly asymptomatic at recall (92.1%), but a complaint of pain at review appeared to be significantly associated with U lesions (p = .036) and D lesions (p = .005). A sinus tract was present at recall in only 16 cases (7.0%), 12 of which were found in D lesions (p < .001). Lesions >2 mm in diameter and lesions that persisted for longer periods were associated with D lesions (p < .001 and p = .007, respectively).
Potential risk factors that were clinically and statistically important (p ≤ .1) for both D lesions and U lesions were selected for multivariate analysis and model building ( Table 2) .
Final Fitted Model
Significant predictors of D were time since treatment (RR: 1.11, 95% CI: 1.01-1.22, p = .030, for every year increase after 4 yr), "tooth is painful now" (RR: 3.79, 95% CI: 1.48-9.70, p = .005), sinus tract present (RR: 4.13, 95% CI: 1.11-15.29, p = .034), and lesion size (RR: 7.20, 95% CI: 3.70-14.02, p < .001). The only significant predictor of lesion U was "tooth is painful now" (RR: 3.15, 95% CI: 1.05-9.46, p = .040). As U was not a clinically important outcome in decision making and the number with outcome U was small, no further analysis was performed.
Deterioration risk score
Estimated risk scores based on rounded-up beta values of significant predictors for D as identified in Table 2 were as follows: time since treatment (every year of persistence beyond 4 yr), 1; a positive pain complaint at recall, 13; presence of a sinus tract, 14; radiographic lesion ≥2 mm, 20. A decision tree based on DRS (summation of significant predictors of deterioration) and the corresponding predicted probabilities of deterioration (Figures 1 and 2) proposed that a persistent AP presenting with very low risk would not require further endodontic intervention and could receive a definitive coronal restoration at any time; that with moderate risk might benefit from further intervention; and that with high or very high risk of deterioration should receive further intervention. 
DIscussIOn
Endodontic treatment provides predictable healing in a majority of cases (Friedman, 2008) . AP associated with symptoms after treatment or a root filling of poor technical quality generally results in prompt intervention. Also, long-term recall of patients with endodontically treated teeth tends to be low (Friedman, 2008) . Identifying a large cohort of suitable patients with persistent AP following root canal treatment (and for which a complete treatment record was available) was a challenge. As a result, a relatively small sample of 228 cases of persistent AP was identified in 182 patients at the end of a 33-month recruitment period involving the scrutiny of more than 2,500 patient records.
To minimize confounding by factors influencing treatment outcome, this cohort included only AP that was persistent, by conventional definition, for at least 4 yr after treatment (European Society of Endodontology, 2006) . Results of the multivariate analysis showed that every year of persistence beyond 4 yr increased the risk of lesion D by 11% (95% CI: 1%-22%; Table 2), whereas time since treatment did not affect the risk of a lesion U. A trend was observed where smaller lesions at the final examination were associated with outcomes I and U, while larger lesions were associated with the outcome D, consistent with the natural progression of disease following intervention. No lesion >10 mm was found in the I outcome, and only 1 such lesion was found in the U outcome. Because of the low cell numbers in 2 of the 3 outcomes, it was necessary to group lesion sizes ≥2 mm together for a clinically and statistically meaningful analysis of its effect on lesion progression. Collectively, lesions ≥2 mm in size were strongly associated with a D lesion.
Our final fitted model based on independent multinomial probit regression was appropriate for handling 3 discrete outcomes without a natural order and described the data well.
Internal validation of the model by 500 bootstrap resampling of the original cohort and by comparing model performance of a 90% bootstrap sample against the original sample demonstrated that model and risk score performance was satisfactory, suggesting that the DRS has potential applications in (1) minimizing risk of overtreatment among teeth compatible with health; (2) identifying high-risk AP for timely intervention; (3) providing an evidence-based estimate of the risks and benefits of intervention versus further monitoring for shared decision making and personalized medicine; and (4) contributing toward clinical practice guidelines. However, external validation of this model would have to be carried out in a separate clinical cohort.
It would be necessary to bear in mind some potential limitations of the DRS in clinical practice. A majority of the persistent AP in our cohort was associated with dense root filling of adequate extensions so that the DRS cannot be injudiciously applied to AP with poor technical quality. Pain is a predictor in the DRS, but it is a subjective experience and may be moderated by social and cultural norms and expectations (Yu et al., 2012a) . Clinical judgment is needed to determine the dimensions of a radiographic lesion, and this may influence the performance of the DRS model. In comparison with the model built on the final score agreed by both evaluators after discussion (mentioned in Materials & Methods), our preliminary analyses suggest that area under the curve for models built on independent evaluation of outcome D was much lower (0.6882 and 0.6297). In optimal patient care, the needs for dental rehabilitation are varied, and treatment objectives have to serve the needs of each patient. The DRS could be used as an adjunct in decision making, but it should not replace clinical acumen. If clinical suspicion of deterioration is high, intervention should be recommended regardless of the risk score.
In conclusion, this model and its decision tree could help the clinician identify persistent AP at low risk for deterioration that will not require intervention. When validated, this tool could reduce the risk of overtreatment and contribute toward targeted care and better efficiency in the timely management of disease.
